We have established and used a method to rapidly isolate tyrosine kinase substrates. The method entails inserting mammalian cDNA libraries into phage vectors. Protein production is induced, then plaque proteins are transferred to nitrocellulose and phosphorylated by the kinase of interest. Proof of principle for this technique was established by the isolation of a number of known Src substrates. We also implicated other known proteins as substrates for Src by this approach, and isolated a number of novel genes. Several of these are indeed Src substrates in mammalian cells. We have characterized further one of these novel substrates, Fish, which is a multi-domain adaptor protein.
shown in Table 1 . First, we cloned a number of known Src substrates, which gave us confidence in the methodology. For example, we identified Sam68 (Src associated in mitosis protein of 68 kDa), a mitotic substrate of Src [2] , as well as several cytoskeletal proteins and known Src substrates, including Crk-associated tyrosine kinase substrate (p130 Cas ), actin-filament-associated protein (AFAP), cortactin and the tyrosine kinase, focal adhesion kinase (Fak) [3] . Secondly, we identified a number of known proteins, including cdc42-interacting protein 4 (CIP4) and drebrin-like SH3 (Src homology 3)-domain-containing protein (SH3P7), whose subsequent analysis showed them to be Src substrates (results not shown). We also cloned a number of novel proteins. In this case too, further analysis, using transient transfection into mammalian cells, showed that they were indeed Src substrates (results not shown).
One of these novel proteins, Pan, is rich in proline residues, and likely functions to bind to and cluster proteins with SH3 domains. Grub is a new member of the family of proteins with Dbl and pleckstrin homology (PH) domains. Proteins in this family are known to act as guanine nucleotide exchange proteins. Like Grub, a few members of this family, for example the Vav proteins, are also phosphorylated on tyrosine residues [4] . In future experiments, we will investigate whether or not Grub is an exchange factor and, if so, for which members of the Ras super-family. Tks202 is a large protein with a C-terminal GTPase domain. The rest of the Tks202 protein shows no other motifs or domains that may give clues to its function, but the presence of a GTPase domain (similar to the one in the motor protein dynamin) might suggest a role in protein trafficking or other motor functions. We anticipate that further analyses of these proteins, and their interacting proteins, in both normal and Src-transformed cells, may shed light on other roles for Src in cellular signalling pathways.
One of the substrates we identified, originally called Tks5, we have characterized in more detail. Full-length cloning revealed a large adaptor protein [1] . We have called this protein Fish, because it contains five SH3 domains. Fish also has a Phox homology (PX) domain, several SH3-domain binding motifs (including one in the PX domain), and two alternative splices ( Figure 1 ). In keeping with Fish being a Src substrate, we also identified several potential Src phosphorylation sites. These are all contained in the original fragment that we cloned as Tks5. The predicted size of Fish is 150 kDa. When the shortest form of Fish (which lacks the two alternative splices) is expressed transiently in mammalian cells, a single protein of 150 kDa is produced. However, the endogenous protein in both fibroblasts and some human tumour cells often presents as a doublet or triplet, ranging in size from 130 to 150 kDa. We do not yet understand the molecular basis for this heterogeneity. Certainly tyrosine phosphorylation may be partly responsible. In addition, the protein has several potential sites for serine/threonine phosphorylation. Preliminary analysis by PCR suggests that the alternative splices may also contribute to the multiple forms that we detect. Using both adult and embryonic tissues, we have evidence for the generation of several forms of Fish. It will be interesting in the future to determine how each of these modifications might contribute to Fish function.
We have a number of reasons to believe that Fish is a direct substrate of Src (and probably other related kinases of the Src family). First, when cells containing a temperature-sensitive form of the viral Src protein are transferred to permissive temperature, Fish becomes tyrosine phosphorylated within minutes, and essentially with the same kinetics as the reappearance of Src-kinase activity [1] . Secondly, selective Src-kinase inhibitors prevent the phosphorylation of Fish In keeping with this, we found Fish to be tyrosine phosphorylated in Rat1 fibroblasts that were treated with platelet-derived growth factor, lysophosphatidic acid or bradykinin [1] .
The N-terminus of Fish contains a PX domain. This domain, approx. 110 amino acids in length, binds to PtdIns3P (and, for some PX domains, to related lipids) [5] . In addition, some PX domains (including Fish's) contain a Pro-Xaa-Xaa-Pro motif. In p47 phox (a component of the neutrophilic NADPH oxidase complex), this motif is functional and mediates an intramolecular interaction between the PX domain and the second SH3 domain [5] . PX-domain-containing proteins are not just involved in phagocytosis; for example, the Saccharomyces cerevisiae protein Bem1 co-ordinates the rearrangement of the cortical cytoskeleton. Two mammalian enzymes associated with phospholipid metabolism, the phosphoinositide 3-kinase (PI3K) Cpk, and phospholipases D1 and D2 contain PX domains. And PX domains are found in proteins involved in vacuolar morphogenesis (Vam7), the sorting of proteins to vacuoles [Methanosarcina vacuolar-type pyrophosphatase (Mvp1) and vacuolar protein-sorting protein 17(Vps17)] and vesicular trafficking (the mammalian sorting nexins) [6] .
PX domains bind to phosphorylated inositol lipids [7] [8] [9] . We tested the ability of the PX domain of Fish to bind lipids, and found that the Fish PX domain showed the strongest binding to PtdIns3P (C.L. Abram and S.A. Courtneidge, unpublished work). When we expressed the PX domain of Fish as a fusion protein with green fluorescent protein in mammalian cells, we observed a punctate subcellular distribution, consistent with the location of PtdIns3P, which, in unstimulated cells, has a predominantly endosomal location [10] . However, in normal cells, the full-length Fish protein has a diffuse cytoplasmic localization, suggesting that, in quiescent cells, the PX domain cannot associate with lipids. In Src-transformed cells we observed a striking re-localization of Fish to cortical actin structures called podosomes. Our working model, that we are currently testing, is that Src transformation (perhaps by phosphorylation of Fish) effects a conformational change in Fish, releasing the PX domain, and promoting its association with podosomes.
All five of Fish's SH3 domains are most related to each other and to the two SH3 domains of p47 phox . We have begun to characterize proteins that bind to Fish, beginning with the fifth SH3 domain. Using phage display, we detected an association between this domain and a member of the ADAMs (a disintegrin and metalloprotease) family of membrane metalloproteases (C.L. Abram and S.A. Courtneidge, unpublished work).
Figure 2 Potential functions for Fish
Shown is how Fish may be affected by tyrosine phosphorylation by Src and by PI3K activity, causing a change in its localization.
Fish then associates with members of the ADAMs family (and perhaps other proteins) and may be involved in controlling growth factor release and invasion/motility. See the text for further details.
The ADAMs family is a relatively recently described group of transmembrane proteins [11] . Each member has in its extracellular portion a pro-domain, a metalloprotease domain, a disintegrin domain, a cysteine-rich domain and an extracellular growth factor (EGF)-like domain. The prodomain, via an intramolecular interaction, inhibits the activity of the metalloprotease domain, and is probably cleaved by a furin-like enzyme during maturation of the protein. The disintegrin domain (named for its similarity to the same region in the snake-venom metalloproteases) can interact with integrin receptors and thus mediate cell-cell adhesion. The cysteine-rich domain may also be involved in adhesion. Analysis of the EGF-like domain has not been described. Following the transmembrane sequence is a cytoplasmic tail of variable length. Roughly one third of the ADAMs described to date have multiple Pro-Xaa-XaaPro motifs in their tails that can promote associations with SH3-domain-containing proteins, raising the possibility that ADAMs can signal and/or that signals can be received by the ADAMs from the cytoplasm. ADAMs family members have been shown to act in a variety of biological processes, including fertilization [12] , myogenesis [13] , axon guidance [14, 15] and ectodomain processing [16] . It is because of this last property, processing of the extracellular domains of a variety of proteins, that many members of the ADAMs family are known as sheddases. The best example of this activity is tumour necrosis factor (TNF) α-converting enzyme (TACE; ADAM17) [17, 18] . ADAMs are not just sheddases, however: ADAM13 degrades the extracellular matrix [15] and recombinant ADAM9 can cleave both gelatin and fibronectin [19] . The cytoplasmic tails of a number of the ADAMs have been reported to bind to various proteins, some with and some without SH3 domains [20] [21] [22] [23] [24] . Furthermore, these tails may be required for function; for example, overexpression of the cytoplasmic tail of ADAM9 blocks the protein kinase C (PKC)-induced shedding of heparin-binding EGF in some cell systems [25] , presumably by competing for associating proteins.
In preliminary experiments, we have found that Fish interacts with two members of the ADAMs family, ADAM12 (also called meltrin-α) and ADAM19 (also known as meltrin-β). These two genes were originally isolated from myoblasts. ADAM12, in particular, is implicated in the membrane fusion events that accompany myotube formation, since overexpression of a form of the protein that lacks both the pro-domain and the protease domain was shown to promote fusion, whereas anti-sense inactivation suppressed myogenesis [13] . However, both ADAM12 and ADAM19 are ubiquitously expressed and are thought to have additional roles in cell physiology [26, 27] . It is a high priority in the laboratory to examine the functions of ADAM12 and ADAM19, particularly in Src-transformed cells, and to determine if their associations with Fish have any role in these functions. Our current experiments concentrate on the possible involvement of these proteins in shedding of growth factors from Src-transformed cells, and in the invasive properties of these cells (Figure 2) .
Fish is an interesting new Src substrate, which is widely expressed and with the ability to bind to both proteins and lipids. Its structure suggests that it may serve as a scaffold for novel signalling complexes. Indeed, we have identified the first binding partners for Fish: PtdIns3P for the PX domain, and ADAMs 12 and 19 for the fifth SH3 domain. Our current studies aim to study these interactions in more detail, as well as to isolate more Fish-interacting proteins.
